Objectives: Low-intensity low-frequency electrostimulation delivered within a myofascial trigger point (MTP) has been used as intervention to deactivate MTPs. The therapeutic effect has been suggested to be due to peripheral mechanisms. However, nonpainful stimuli are also known to reduce simultaneous pain through central effects. The primary objective of the present study was to assess if central pain modulation occurs after intervention with low-intensity electrostimulation within an MTP. We hypothesized that intervention induces pain inhibition via the periaqueductal gray (PAG).
M
yofascial trigger points (MTPs) are a major source of musculoskeletal pain. 1 MTPs appear as focal contractures in the muscles on which pressure elicits pain and twitch responses (muscle contraction). 2 Electrophysiologically, they are characterized by abnormal spontaneous discharges or endplate noise. [3] [4] [5] [6] MTPs are thought to arise from muscle trauma, overload, or strain. 2 Without intervention, the pain (local and referred) may become chronic and restricted range of motion and muscle weakness might occur. Although, no consensus exists on the diagnostic criteria of myofascial pain syndrome (MPS), it is commonly agreed that one important characteristic is pain emanating from an MTP. 7 Several interventional approaches have been applied to deactivate MTPs. Among these is low-intensity (above motor threshold) low-frequency (2 Hz) electrostimulation delivered within the MTP. 8, 9 The time course of successful patient recovery shows an immediate reduction in myofascial pain and long-term effects after periodic intervention with release of the taut muscular band, dissolved MTP, restoration of full range of movement, and pain relief. [9] [10] [11] The therapeutic effect has been suggested to be due to stretch and relaxation of the involved deep muscle fibers possibly resolving the local ischemia hypothesized as underlying cause of the pain. [12] [13] [14] [15] According to this view, pain relief is obtained mainly through local peripheral effects. However, nonpainful stimuli transmitted via large-diameter A-fibers are also known to be able to reduce simultaneous pain through central effects. [16] [17] [18] [19] In addition, the therapeutic mechanisms of (low-intensity) electroacupuncture, using different stimulus needles, loci and depth than the abovementioned method, has been shown to partially involve descending modulation via the endogenous opioid system. [20] [21] [22] [23] [24] [25] [26] The same is also the case for transcutaneous electrical nerve stimulation. 16, 27 The periaqueductal gray (PAG) in the brainstem is a central part of the opiod circuitry that controls nociceptive transmission at the level of spinal cord and cortex. 28 Additionally, animal studies have demonstrated nociceptive input from deep tissue such as the muscle projects to the ventrolateral column of PAG. 29, 30 However, it remains an open question whether or not the therapeutic analgesic effect observed with low-intensity intramuscular electrostimulation (IMES) is at least partially due to engagement of supraspinal pain control circuits. In the present study, we hypothesized that low-intensity IMES within the MTP induces pain inhibition via PAG. If that is indeed the case, painful stimuli to the MTP should engage PAG more after low-intensity IMES than before. Such pain inhibition should be indexed by raised pain threshold (PT) after intervention. To test this hypothesis, we employed event-related functional magnetic resonance imaging (fMRI) using discrete painful stimuli within the MTP of patients with MPS before and after intervention with 2-Hz low-intensity IMES. A similar paradigm has previously been effective in mapping a set of brain structures involved in pain processing in healthy participants. 31 
MATERIALS AND METHODS

Patients
A total of 24 patients referred from Department of Physical Medicine and Rehabilitation, Taipei Veterans General Hospital, were enrolled in the study. Patients were healthy apart from being diagnosed with MPS by a clinically experienced physician. Inclusion criteria were: (1) palpable band or hardened nodules within the upper left trapezius muscle, (2) pain emanating from a welllocalized area (MTP) in the palpable band, (3) local muscle twitches evoked by manipulation of needle electrode in the MTP. No additional intervention was received by patients other than electrostimulation within the MTP. Other causes that could mimic MPS patterns such as cervical radiculopathy, neuralgia, neurogenic pain, rheumatoid arthritis, and fibromyalgia were ruled out. In other words, patients were normal upon neurologic examination. Before the study, patients gave their informed consent to the protocol, which had been approved by the Institutional Ethics Committee. The study was conducted in accordance with the Declaration of Helsinki.
Experimental Paradigm
During functional scans, painful IMES (1-ms square wave pulse, Grass Telefactor S88 stimulator, West Warwick, RI) was applied to an MTP within the upper left trapezius muscle with a pair of needle electrodes (20-mm length, 0.35-mm diameter, 2-mm 2 stimulation area, tip uninsulated; Model 9013R0271, Medtronic Dantec, Denmark) separated by 1 cm. Before the experiment, patients were familiarized with a combined numerical descriptor scale of pain intensity used for individual calibration of the stimulus intensity (see Ref. 31) . For each patient, a constant stimulus current corresponding to a ''mildly painful'' intensity was applied throughout functional scanning.
Patients were randomly assigned to 1 of 2 groups of equal size. The first group (G1) underwent 2 functional scanning sessions (S1 and S2), whereas the second group (G2) underwent 3 functional scanning sessions (S1, S2, and S3). Identical stimulus series were used across sessions each consisting of 48 painful stimuli. An eventrelated paradigm was implemented with temporally jittered stimulus presentation, resulting in a mean interstimulus interval of 10.2 seconds (randomly distributed between 2 and 23 s).
Intervention consisted of 3 minutes, 2 Hz, lowintensity electrostimulation (1-ms pulse; 1 monopolar needle electrode in MTP, surface electrode on C2 segment) within the MTP. This was carried out while the patient was still in the scanner but applied between the 2 sessions of G1 and between S2 and S3 of G2. A 10-minute delay was inserted between end of intervention and onset of the following scanning session. The stimuli were calibrated before scanning and corresponded to ''intense but nonpainful'' and induced a clearly visible muscle contraction.
Psychophysical Measures
In both G1 and G2, PT to IMES was measured before S1 and after S2 for G1 and after S3 for G2. Additionally, pressure PT (PPT) of the MTP were measured by pressure algometry (Model FPK, Pain Test, Wagner Instruments, Greenwich) outside the scanning room before and after image acquisition. Algometry was performed in series of 6 trials (the first was discarded) and was performed by the same person throughout the study. Responders to intervention were defined as patients showing an increase in PPT after intervention of 2 times the standard deviation of individual preintervention PPT. To ensure that the stimuli applied during scanning were painful, each patient gave an overall intensity rating after each session.
Image Acquisition
Data were acquired on a 3-tesla imaging system (Bruker MedSpec S300, Kalsruhe, Germany) with a quadrature head coil. Patients' heads were placed in the scanner after being immobilized with a vacuum-beam pad. Functional data were acquired with a T2-weighted gradient-echo EPI using blood oxygenation level dependent contrast (TR/TE/y = 2008 ms/50 ms/90 degrees) with the following parameters: matrix, 64 Â 64 Â 20; field of view, 230 Â 230 mm 2 with a 120 mm coverage in the slice direction (5-mm slice thickness plus 1-mm gap). For each slice 242 images were acquired per session. The anatomic image was acquired using a high-resolution T1-weighted, 3-dimensional gradient-echo pulse sequence (modified driven equilibrium Fourier transform: TR/TE/ TI = 88.1 ms/4.12 ms/650 ms) with the parameters: matrix, 256 Â 256 Â 192; field of view, 230 Â 230 mm 2 ; slice thickness, 1 mm.
Image Processing and Statistical Analysis
Functional data were preprocessed and analyzed with statistical parametric mapping (SPM5 software from Welcome Department of Cognitive Neurology, London) running under Matlab 7.0 (Mathworks, Sherbon, MA). Functional scans were slice time corrected, realigned, and coregistered to the individual anatomic image before normalization to standard Montreal Neurological Institute (MNI) space. 32 Functional scans were then resampled (2-mm voxel size), smoothed with a 6-mm full width at half maximum Gaussian kernel and high-pass filtered. To correct for temporal serial correlations in the data autoregressive modeling, AR(1), was implemented. 33 Image statistics were performed using an eventrelated approach in which each event was modeled using a canonical hemodynamic response function with temporal derivatives. 34 Two contrast images were created for all patients: event-related responses before intervention (S1); and event-related responses from before intervention subtracted from after intervention (G1: S2-S1; G2: S3-S1). A third contrast was created for the second patient group to test for differences between the 2 preintervention sessions as well [S2-S1; only used for region of interest (ROI) analysis]. Each contrast entered into a second-level random effect analyses accounting for both intrasubject (scan-to-scan) and intersubject variability. The general effects of the whole population (S1 from both G1 and G2) or within a group (responders in G2: S3-S1 and S2-S1) were assessed by 1-sample t tests and between groups (responders versus nonresponders for after vs. before intervention) by a 2-sample t test. The outcomes were transformed to Z statistics to create a statistical parametric map {SPM(z). Data analysis was initially performed in the whole brain volume for the 2 first contrasts. SPMs were thresholded at uncorrected Pr0.001 (voxel level) and an extend threshold of 35 voxels. This was applied owing to: (1) a priori formulated hypothesis about PAG; (2) previous information on painful IMES/ fMRI 31 and prior established physiologic evidence for ascending projection sites; and (3) nonindependence of information flow through central relay sites. A corrected approach requiring no a priori hypothesis and independence between regions can in this case be too stringent. Additional trends are reported for the second contrast at lowered threshold (uncorrected P = 0.05; extend threshold = 35 voxels). Local maxima were localized on the SPM template, transformed into Talairach space (mni2tal transformation 35 ), and labeled using nomenclature from Talairach and Tournoux 36 by means of Talairach Daemon (Research Imaging Center, University of Texas).
To test the influence of intervention on the dorsal brainstem including PAG, comparisons between sessions were performed in a priori defined ROI. The PAG ROI was defined on the MNI template by means of MRicro (version 1.39; Chris Rorden). The mean signal across all voxels in the ROI was extracted (MarsBar 0.37) 37 resulting in a single value. A t test was used to examine the differences between preintervention and postintervention with a significance level set at P<0.05. Finally, correlation analysis was performed between percent mean change in signal within the ROI (G1: S2-S1; G2: S3-S1) and change in PT and PPT.
RESULTS
Study Population
Data from 2 patients in G1 and 1 patient in G2 were discarded owing to nonpainful rating of the stimuli applied during functional scanning. This left 6 females and 4 males in G1 with an average age of 36.2 ± 8.7 years (mean ± SD) and 7 females and 4 males in G2 with an average age of 33.2 ± 7.8 years (age, t test: P = 0.382). The number of previous treatments with electrostimulation received before the experiment ranged from none to 6. A similar number of treatments had been given in G1 (1.7 ± 2.1) and G2 (2.5 ± 5.9; 2-way analysis of variance, main effect: F = 2.03, P = 0.1716). This was also the case when dividing patients into responders (R; 0.9 ± 1.0) and nonresponders (NR; 1.8 ± 2.1) to intervention (main effect: F = 2.25, P = 0.1506). The pain emanating from the MTP was rated from mild to strong before onset of the experiment (G1: 6.3 ± 1.5; G2: 5.7 ± 1.4; t test: P = 0.354).
Behavioral Responses
Changes in PT to IMES and PPT were used as measures of the effect of intervention. Overall, similar PTs to IMES were observed for G1 (before intervention: 3.4 ± 1.4 mA; after intervention: 3.7 ± 1.8 mA) and G2 (before intervention: 3.3 ± 2.1 mA; after intervention: 3.8 ± 2.1 mA). However, 10 of 21 patients (5 in each group) showed a significant increase in PT after intervention (before: 2.5 ± 1.3 mA; after: 3.5 ± 1.8 mA; 2-way analysis of variance, main effect: F = 4.48; P = 0.041). No effect of PT before/after functional scanning session was found (main effect: F = 0, P = 0.959) and no interaction was found (F = 0.26, P = 0.61). Overall, similar PPT scores were observed in G1 (before: 569.1 ± 144.2 kPa; after: 619.1 ± 172.5 kPa) and G2 (before: 494.8 ± 154.9 kPa; after: 525.6 ± 164.5 kPa). On the basis of the predefined criterion, 12 of 21 patients (6 patients in each group) had increased postintervention PPT (8 of these also had increased PT). By dividing the patients accordingly, a significant difference was found in PPT-change (F = 33.21, P<0.0001; Table 1 ). No overall difference was found between G1 and G2 (F = 0.34, P = 0.567). In addition, no interaction effect was found between response to intervention and patient groups (F = 2.46, P = 0.135). The current applied during intervention was not significantly different for the 2 patient groups (F = 1.48, P = 0.243) or response groups (F = 2.29, P = 0.151). The same was the case for stimulus current used during functional scanning to induce pain (G1 vs. G2: F = 0, P = 0.987; R vs. NR: F = 0.2, P = 0.664). The painful stimuli were described as inducing a sensation within the muscle of numbness, heaviness, and soreness characteristic of pain arising from deep tissue and were rated as mildly painful (5 on scale) in both G1 (S1: 5.1 ± 1.2; S2: 4.8 ± 1.2) and G2 (S1: 5.2 ± 1.6; S2: 5.5 ± 1.2; S3: 5.5 ± 1.0). Comparing change in stimulus rating relative to intervention (first and last scanning session), no significant effect was found between patient groups (G1 vs. G2: F = 1.84, P = 0.192) or response groups (F = 0.760, P = 0.396).
The Pain Matrix
Painful IMES to the left trapezius muscle resulted in a largely bilateral distribution of brain activity ( Fig. 1 and Table 2 ). In the frontal lobe, bilateral activity was found in inferior, middle, and medial frontal (supplementary motor area) gyri. Additional contralateral activity was located in the superior frontal gyrus. In the ipsilateral hemisphere, additional frontal activity was located in the primary motor cortex (M1) and paracentral lobule. In the parietal lobe, bilateral activity was found in primary and secondary somatosensory areas (BA 40 and 43), inferior parietal lobule (BA 40), and precuneus (BA 7). Additional ipsilateral activity was found more superiorly in primary sensory cortex and posterior parietal cortex. In the temporal lobe, bilateral activity was found in the superior temporal gyrus. Multiple loci were found to respond throughout the cingulate cortex and involved rostral, middle, and posterior portions of cingulate gyrus, caudal cingulate motor area around the cingulate sulcus, and retrosplenial cingulum. Bilateral sublobar activity was observed in anterior, middle, and posterior portions of insula and also in thalamus, claustrum, and caudate. Additional ipsilateral sublobar activity was found in putamen. Finally, contralateral activity was located in the cerebellum involving culmen and declive.
A treatment effect was observed for responders compared with nonresponders in 3 regions encompassing dorsal midbrain, posterior cingulate, and ipsilateral caudate (Fig. 2, Table 3 ). Subsignificant trends were further observed contralaterally in anterior cingulated cortex (ACC), amygdala, and precentral gyrus, ipsilaterally in posterior insula, and bilaterally in medial frontal gyri and thalamus, including medial dorsal nuclei, pulvinar, and anterior nuclei.
PAG Response to Painful Muscle Stimulation
To test our a priori defined hypothesis, a ROI approach was chosen in which we compared the mean PAG activity between imaging sessions for responders versus nonresponders. A significantly higher response (P = 0.009, T = 2.60) was observed for responders than nonresponders in PAG after intervention (S2 for G1 and S3 for G2) compared with before intervention (S1 for both G1 and G2). Further analysis was performed for responders only (N = 6) to investigate whether or not painful IMES from S1 contributed to the modulatory effect in PAG. No effect on PAG activity was observed between the first 2 sessions (S2-S1; P = 0.674, T = 0.48), for which no intervention was interspersed. In contrast, a significant effect was observed when comparing the first and last sessions of G2 (S3-S1, P = 0.0024, T = 4.81). The later also passed a Bonferroni correction (3-test, P = 0.0167).
Correlation analysis of percent mean signal change within the PAG ROI (after-before intervention) did not show any correlation with change in PT by IMES for the whole patient population (N = 21, r = 0.278, P = 0.2224; 2-tailed t test) or for patients showing elevated PT (N = 10, r = 0.4074, P = 0.2426; 2-tailed t test). However, PAG activity was significantly correlated with change in PPT (N = 21; r = 0.455, P = 0.0382; 2-tailed t test; Fig. 3 ). After exclusion of 2 outliers (values greater than 2 standard deviations from the mean), a stronger correlation between the 2 measures was found (N = 19; r = 0.687, P = 0.0012). The later was also significant when a Bonferroni correction was implemented (4 tests, P = 0.0125).
DISCUSSION
In the present study, only a subgroup of the patient population responded to intervention as defined by a change in PPT. On the basis of this, the difference in brain responses before and after intervention (G1: S2-S1; G2: S3-S1) was compared between responders and nonresponders. The primary finding was that the dorsal midbrain encompassing PAG was activated more in responders than in nonresponders. Further on, by lowering the statistical threshold, a network known to regulate affective qualities of the pain experience was found to be more engaged in responders. Change in PAG activity relative to intervention, as obtained from the ROI analysis, correlated with change in PPT reflecting the difference between responders and nonresponders. These findings indicate that the applied intervention at least partially involve supraspinal pain control mechanisms.
Results from the whole patient population before intervention (S1) showed that pain within an MTP engaged regions previously reported to be involved in pain processing in healthy participants, 31, 38, 39 albeit more bilaterally expressed in the present study. Increased bilaterality can be explained by the close-to-midline stimulus site. As the above results are based on random effects analysis, which takes interindividual and intraindividual variability into consideration, the inference made here can be generalized to the entire population from which patients were drawn from.
Multiple Roles of PAG in Pain Processing
Noxious input originating from muscular tissue projects to rostral ventromedial medulla (RVM) and PAG predominantly via superficial laminae I/IIo and deep laminae IV/V in the spinal dorsal horn.
29,40-43 PAG seems to be a critical area for control of ascending and descending nociceptive information through its connection to higher cortical centers and brainstem sites. PAG is organized in longitudinal columns. 44 Afferents originating 29 which is known to mediate antinociception. 45 In rat models, the ventrolateral column has further been associated with induction of behavior related to the inescapability of deep noxious stimuli such as passive coping. 46, 47 In contrast, evidence also points to involvement of PAG-RVM in descending facilitation. 48, 49 Several interpretations of our findings are possible. Increased PAG activity might represent modulation of nociceptive information transmitted via the anterolateral (spinothalamic) pathway. This pathway is known to be involved in affective processing via projections to medial thalamus and ACC. 50 Increased PAG activity might also represent engagement of descending pain control mechanisms by the intervention via large myelinated fibers. 51 Finally, modulatory feedback to PAG from higher cortical centers during, for example, attention and distraction cannot be ruled out. 52, 53 Further on, it is not possible to discern from the present study to what extend increased pain inhibitory mechanisms and decreased pain facilitatory mechanisms were involved in the modulation. The later might be of importance considering MTPs as focal hyperalgesic areas in part induced by central hyperexcitability. This is emphasized by both MPS and fibromyalgia patients reporting reduced pain in response to administration of a 5-HT 3 receptor antagonist. 54, 55 The 5-HT 3 receptor is involved in descending pain facilitation from PAG and contributes to several chronic pain conditions.
48,49
Possible Central Mechanisms of the Intervention
The exact mechanism by which information carried by large myelinated sensory fibers via the dorsal column modulates nociceptive information remains unknown. Recent studies suggest the effects of low-intensity, lowfrequency transcutaneous electrical nerve stimulation and low-intensity, low-frequency electroacupuncture at least in part is exerted via the endogenous opioid system and m-opioid receptors in the PAG-RVM-dorsal horn pathway. 16, [22] [23] [24] [25] [26] [27] 56, 57 One hypothesized mechanism could FIGURE 2. Brain areas with increased response after intervention (G1: S2-S1; G2: S3-S1) when comparing responders versus nonresponders (random effects model, 2-sample t test). At Z = 30 mm, activity was found in anterior and posterior cingulate and around the precentral gyrus. At Z = 25 mm, activity was observed around medial frontal and anterior cingulate gyri and also in the caudate. At Z = 6 mm, thalamic (anterior portion, pulvinar, and medial dorsal nuclei) and insular activity were present. Finally, at Z = À 10 mm, activity was found in the midbrain and contralateral amygdala. Statistical images were thresholded at uncorrected (P = 0.05) with an extend threshold of 35 voxels. Results are shown on the SPM-MNI template. Areas in italics denote significance when corrected for number of voxels in the cluster under consideration. Refer to Table 2 for more details. Amyg indicates amygdala; AN, anterior nucleus; CT, caudate tail; MDN, medial dorsal nucleus; P is uncorrected P value; Pul, pulvinar.
involve a circuit consisting of nucleus cuneatus/gracilis, RVM, and PAG. Interestingly, m-receptor binding sites and cells expressing m-receptor mRNA was found in both nucleus cuneatus and nucleus gracilis of the rat. 58 Furthermore, proenkephalin A-related immunoreactive fibers have been observed in these nuclei of nonhuman primates. 59 Proenkephalin A is a precursor molecule of methionine and leucine enkephalin that both binds to m-opioid and d-opioid receptors. 28, 60 Recent studies in humans, using positron-emission tomography in conjunction with a selective m-opioid radiotracer, demonstrated the involvement of PAG, amygdala, thalamus (pulvinar and anterior nucleus), medial frontal gyrus, and ACC in regulation of responses to stressors such as painful and emotional stimuli. [61] [62] [63] [64] Activation of the m-opioid system was associated with reduction in sensory and affective qualities of pain. In the present study, differences between responders and nonresponders to intervention were observed in these areas and also in the thalamic medial dorsal nucleus which is also know to be involved in affective regulation of the pain experience. 50 Our results suggest the intervention engages a network involved in antinociception and regulation of the pain experience possibly through coupled ascending and descending m-opioid pathways.
In context of m-opioid mediated antinociception, it is important to mention that placebo analgesia engages a subset of the brain structures mentioned above. [65] [66] [67] Therefore, it can be argued that responders more successfully engaged placebo mechanisms than nonresponders. Several factors disfavor this point. Placebo effects are thought to be either mediated by conditioning or expectation. 65 Following, patients with prior experience of the intervention might have had positive expectations and would hence more likely exhibit placebo analgesia. In fact, this was found not to be the case. Responders and nonresponders received the same number of treatments before the experiment. Further, to diminish expectation of successful intervention, instructions emphasized measurements of brain responses to pain from an MTP. Finally, differences in prefrontal activity were not observed between the 2 groups. Activation of regions such as dorsolateral prefrontal cortex, orbitofrontal cortex, and rostral ACC have been associated with expectancies related to pain. [65] [66] [67] Methodologic Considerations: Stimuli and Intervention
As stimuli used for intervention and during functional scanning both were delivered by IMES, it may be argued that stimuli from the first scanning could have contributed to the modulatory effect observed after intervention. However, our results indicate that this is not the case as no significant activity in PAG was found when the 2 first sessions were compared in G2. This also ruled out that needles without electrostimulation induced an antinociceptive effect expressed as increased PAG activity in the later session. The difference in PAG activity between the 2 patient groups cannot be attributed to the differences in study populations because comparable characteristics and behavioral responses were found. In this context, an event-related approach was implemented to differentiate the stimulus mode for induction of pain (discrete stimuli) and intervention (train of stimuli). This was done despite block design in fMRI is more powerful for single type stimuli. 68 However, such a design would require a faster stimulus rate (for optimal design) than the one implemented which might have made it difficult to distinguish the 2 stimulus modes. Finally, considering more patients showed a change to intervention for pressure than electrical stimuli the later might not be optimal for pain induction in an MTP. On the one hand, pressure is a more selective stimulus and can stimulate a larger area of the MTP. On the other hand, stimulus parameters are better controlled with electrical stimuli.
CONCLUSIONS
Our findings provide evidence that IMES applied as intervention within an MTP at least partially involves supraspinal pain control via midbrain PAG. However, it remains to be established to what degree the mechanisms engaged involve descending and ascending pain control. Further studies should compare brain responses underlying placebo analgesia with those from IMES as intervention. Such studies should consider certain genetic polymorphisms and gender issues. It also remains to be resolved whether IMES applied as intervention within an % Mean change in PAG FIGURE 3. Correlation of percent mean signal change within PAG and change in PPT. Analysis was performed on all patients (gray line) and after excluding 2 outliers (gray markers). For the later case, a strong and highly significant correlation was observed (black line).
MTP uniquely activates PAG or if it represents a general mechanism for muscles throughout the body.
